Highlights d ABA delays Marchantia polymorpha gemma germination in a dose-dependent manner d ABA-insensitive ABI1 gain-of-function alleles display reduced gemma dormancy d ABA-insensitive abi3 loss-of-function alleles display reduced gemma dormancy d ABA signaling acts in the gemmae themselves to promote dormancy
In Brief Eklund et al. show that in the liverwort Marchantia polymorpha, abscisic acid promotes dormancy in vegetative propagules known as gemmae. Their results indicate that an ABA signaling pathway, including orthologs of ABI1 and ABI3, operates locally in the gemmae themselves and likely acts in response to a long-range dormancy signal.
SUMMARY
Dormancy is a key process allowing land plants to adapt to changing conditions in the terrestrial habitat, allowing the cessation of growth in response to environmental or physiological cues, entrance into a temporary quiescent state, and subsequent reactivation of growth in more favorable environmental conditions [1] [2] [3] . Dormancy may be induced seasonally, sporadically (e.g., in response to drought), or developmentally (e.g., seeds and apical dominance). Asexual propagules, known as gemmae, derived via clonal reproduction in bryophytes, are often dormant until displaced from the parent plant. In the liverwort Marchantia polymorpha, gemmae are produced within specialized receptacles, gemma cups, located on the dorsal side of the vegetative thallus [4] . Mature gemmae are detached from the parent plant but may remain in the cup, with gemma growth suppressed as long as the gemmae remain in the gemma cup and the parental plant is alive [5] . Following dispersal of gemmae from gemma cups by rain, the gemmae germinate in the presence of light and moisture, producing clonal offspring [6] . In land plants, the plant hormone abscisic acid (ABA) regulates many aspects of dormancy and water balance [7] . Here, we demonstrate that ABA plays a central role in the control of gemma dormancy as transgenic M. polymorpha gemmae with reduced sensitivity to ABA fail to establish and/or maintain dormancy. Thus, the common ancestor of land plants used the ABA signaling module to regulate germination of progeny in response to environmental cues, with both gemmae and seeds being derived structures co-opting an ancestral response system.
RESULTS AND DISCUSSION
Exogenous ABA Delays Growth Initiation of Dormant Gemmae M. polymorpha gemmae are dormant when they are in the cup, suggesting the cup produces an inhibitor of germination [6] . When displaced from the cups, e.g., via raindrops [8] , gemmae commence their development. To analyze whether exogenous abscisic acid (ABA) affects gemma dormancy, we transferred dormant wild-type gemmae from gemma cups to medium containing ABA and observed their development over nine days. Because the first sign of dormancy release is rhizoid formation [9] , we scored gemmae with visible rhizoids as non-dormant and gemmae without rhizoids as dormant. ABA treatment delayed rhizoid initiation in a dosedependent manner ( Figure 1A ). As previously reported [10] , we could observe size differences between germinating gemmae on ABA and mock, correlating with the presence and length of rhizoids ( Figures 1B and 1C ), suggesting growth of the apical meristem was also delayed and/or reduced by exogenous ABA. These observations suggest ABA may act in the endogenous dormancy program.
Constitutive MpABI1 Activity Leads to ABA Insensitivity and Reduced Gemma Dormancy
In land plants, ABA response is mediated by PYR/PYL (PYRABACTIN RESISTANCE1-LIKE)/RCAR (REGULATORY COMPONENTS of ABA RECEPTORS) receptors [11, 12] . In the absence of ABA, downstream responses are inhibited via a group A protein phosphatase 2C (PP2CA) (e.g., ABSCISIC ACID INSENSITIVE 1 [ABI1]) [13] [14] [15] [16] , acting on a subgroup III SNF1-related protein kinase2 (SnRK2) [17] . In the presence of ABA, the ABA-PYL complex inhibits ABI1, allowing SnRK2 activity to activate downstream transcription factors [18] . Although both PP2CA and subgroup III SnRK2 can be found throughout the Viridiplantae, bona fide PYL receptors may have evolved in the ancestral land plant [1, 3, 19, 20] , suggesting acquisition of PYL was crucial for recruitment of ABA as a phytohormone in the land plants [7] . The downstream transcription factor ABI3 [21] evolved in land plants [1, 3, 20] .
The M. polymorpha genome contains MpABI1A and MpABI1B encoding negative regulators of ABA signaling [19, 20] . We hypothesized that constitutive overexpression [22] of a wildtype MpABI1B (EF1 pro :MpABI1) or a mutated MpABI1B gene (EF1 pro :MpABI1 G304D ), mimicking the Arabidopsis allele abi1-1 conferring ABA insensitivity [13] , could produce ABA-insensitive M. polymorpha plants. M. polymorpha expressing these transgenes ( Figure S1 ) had similar phenotype (Figures 2A, 2B , and 2F). All lines exhibited defects in gemma dormancy initiation and/or maintenance, with mature gemmae in all gemma cups displaying extensive growth ( Figures 2C-2E ). Constitutive MpABI1 or MpABI1 G304D expression also resulted in hyposensitivity to up to 100 mM ABA ( Figure 2F ).
To analyze whether ABA-responsive gene expression was affected, we analyzed four ABA-regulated, or putatively ABAregulated, genes: MpLATE EMBRYOGENESIS ABUNDANT1 (MpLEA1) [23] and MpDEHYDRIN1 (MpDHN1) [24], as well as two additional LEA genes similar to AtKIN2 [25]: Mapoly0059s0011 and Mapoly0035s0088. The latter genes were named MpLEA2 and MpLEA3. Transcript levels were measured in adult thalli of EF1 pro :MpABI1#1 and wild-type grown on 20 mM ABA or mock ( Figures 2G-2I ). MpLEA1/2/3 and MpDHN1 were upregulated after ABA treatment of the wildtype ( Figure 2G ), but not in EF1 pro :MpABI1#1 ( Figure 2H ). These genes were downregulated in EF1 pro :MpABI1#1 compared to wild-type when grown on standard medium ( Figure 2I ). 
Constitutive MpABI3A Expression
Mimics ABA-Treated Wild-Type Expression of MpABI3A, a homolog of AtABI3 [20] , was increased in wild-type plants grown on medium supplemented with 20 mM ABA, compared to mock-treated plants ( Figure 3A ). MpABI3A transcript levels were also lower in EF1 pro :MpABI1 plants compared to wild-type and unchanged in ABA-treated EF1 pro :MpABI1 plants compared to mock-treated plants ( Figure 3A ). Because MpABI3A could act as a positive regulator of ABA signaling downstream of MpABI1, its constitutive expression might lead to plants with increased ABA responses. To test this, we produced lines harboring an EF1 pro :MpABI3A transgene, overexpressing MpABI3A ( Figure 3B ). EF1 pro :MpABI3A transformants exhibited a gradient of phenotypes similar to wild-type M. polymorpha growing on standard medium supplemented with 20 mM ABA (Figures 3C-3E) to 200 mM ABA ( Figures  3E-3G ). Only rarely did we observe gemma cup production, and therefore, no data on gemma dormancy in these plants were obtained.
However, upregulation of the ABA-responsive LEA and DHN genes in the EF1 pro :MpABI3A lines was observed at rates comparable to those observed for ABA-treated wild-type ( Figures 3H  and 2G ). Additional downstream targets of ABA signaling and ABI3 in seed dormancy regulation in Arabidopsis include MOTHER OF FT AND TFL1 (MFT) and ABI5 [26, 27]. Orthologs of both genes (MpMFT, Mapoly0026s0106; MpABI5B) [20] were upregulated in EF1 pro :MpABI3A plants as well as in ABAtreated wild-type, suggesting these genes could also be targets of ABA signaling in M. polymorpha ( Figure S2 ).
To verify that MpABI1 regulates ABA-signaling components in mature dormant gemmae, we analyzed transcript levels of MpABI3A, MpLEA1, and MpMFT and found that transcript levels of all three genes were reduced >50% in EF1 pro :MpABI1#1 gemmae compared to wild-type gemmae ( Figure 3I ).
MpABI3A Activates LEA Expression in an ABA-Dependent Manner
To establish whether MpABI3A can complement the function of PpABI3, we used an effector-reporter system for Physcomitrella patens [28], employing the ABA-inducible PpLEA1 (legend continued on next page) promoter [29] to evaluate ABA responsiveness. After introduction of a PpLEA1 pro :GUS reporter into wild-type via particle bombardment, GUS activity was highly induced by ABA application, compared to activity of a LUC control gene ( Figure 4A) [28]. However, this induction was abolished in the background of a P. patens mutant (Dabi3) lacking the PpABI3A, B, and C genes [28], indicating that rapid activation of the PpLEA1 reporter is ABI3 dependent. The ABA insensitivity of the PpLEA1 reporter in the P. patens Dabi3 mutant was recovered by co-bombardment of ubiquitindriven PpABI3A [28] ( Figure 4A ). When MpABI3 effector constructs were used, MpABI3A, but not MpABI3B, could functionally complement the ABA-inducible activation of the PpLEA1 reporter (Figure 4A ). This suggests that MpABI3A is functionally equivalent to PpABI3A, B, and C and possibly to tracheophyte ABI3 orthologs.
An MpABI3A Loss-of-Function Mutant Display Reduced ABA Sensitivity
We analyzed the influence of MpABI3A on gemma dormancy by creating an MpABI3A knockout line (Mpabi3a ko ; Figure S3 ). ABA sensitivity of Mpabi3a ko was evaluated by placing gemmae directly on medium supplemented with ABA. Growth of wildtype gemmae was inhibited by exogenous ABA, and the Mpabi3a ko line was hyposensitive to ABA ( Figure 4B ). Thus, MpABI3A is involved in ABA signal transduction in wild-type M. polymorpha gemmalings.
ABI3A Regulates Gemma Dormancy
We next analyzed gemmae formed in gemma cups of the Mpabi3a ko mutant. The initial development of gemmae in the cups of Mpabi3a ko was indistinguishable from that of wildtype, indicating loss of MpABI3A does not interfere with gemmae production or formation ( Figures 4C and 4E ). However, gemma dormancy was reduced in Mpabi3a ko plants as older gemmae developed rhizoids and expanded in a manner not observed in the wild-type ( Figures 4D and 4F ).
To verify this dormancy phenotype, an SRDX-tag [30, 31] was translationally fused to MpABI3A creating a transcriptional repressor downregulating MpABI3A target genes. Constitutive expression of this repressor (EF1 pro :MpABI3A-SRDX) resulted in slow-growing thalli folding along the midrib ( Figures S4A-S4C ). EF1 pro :MpABI3A-SRDX plants produced gemma cups and displayed reduction of gemma dormancy, although gemmalings grew slower in these lines compared to the less severely affected EF1 pro :MpABI1 plants ( Figures  S4D, S4E , 2B, and 2D). Analysis of MpABI3A-SRDX, MpDHN1, and MpLEA1/2/3 expression in thalli of wild-type and EF1 pro :MpABI3A-SRDX verified transgene expression and downregulation of ABA target genes ( Figures S4F and S4G ).
ABA Signaling in the Gemma Regulates Gemma Dormancy
Our observations indicate MpABI3A positively regulates dormancy of gemmae residing in the cup. Two scenarios are possible to explain the function of MpABI3A in gemma dormancy: either ABA signaling functions in the gemmae to establish and/or maintain dormancy or, alternatively, ABA signaling functions in the gemma cup and indirectly acts on gemmae to initiate and/or maintain dormancy. To distinguish between these two possibilities, we transferred gemmae without rhizoids from gemma cups of three-week-old Mpabi3a ko plants into empty wild-type gemma cups, from which gemmae had been previously removed. The same procedure was used to transfer wild-type gemmae to mutant cups. Whereas wild-type gemmae remained dormant for 10 days after transfer into Mpabi3a ko cups, Mpabi3a ko gemmae developed rhizoids and expanded when transferred to wild-type cups ( Figures 4G and  4H ). Hence, ABA signaling functions autonomously inside gemmae, not in the cup, to establish and/or maintain gemma dormancy.
An Evolutionarily Conserved Mechanism for Dormancy Regulation
Land plants evolved from an ancestral charophycean alga, with the ability to survive in water-limiting conditions a critical evolutionary innovation. The ancestral land plant was probably desiccation tolerant [2] of which one component is dormancy, with at least some of the required physiological machinery inherited from an ancestral charophycean alga [32] . The role of ABA in charophycean algae is enigmatic [33, 34] , with PYL orthologs only detected in Zygnematales with their function as ABA receptors uncertain [20, 35] . In contrast, ABA is associated with desiccation tolerance, water stress, and dormancy throughout land plants [1] . The ancestral land plant was likely desiccation tolerant, and this was, at least in part, regulated via the canonical land plant ABA signaling pathway. Derived land plants have largely lost desiccation tolerance, but dormancy in response to water relations or other environmental cues continues to be ABA regulated.
Although the molecular details of the ABA signaling pathway were determined in flowering plants, multiple aspects of this pathway have been demonstrated in bryophytes [3, 19, 36] . For example, desiccation tolerance in xerophytic liverworts correlates with endogenous ABA levels and application of exogenous ABA is sufficient to induce desiccation tolerance [37, 38] . Likewise, desiccation tolerance in the moss has largely lost desiccation tolerance except in gemmae [4] , which can remain dormant and become desiccation tolerant if drying occurs over several weeks [5] , with desiccation tolerance increased by ABA pretreatment and growth on medium containing sucrose [10, 19] . Analogous with the situation in seeds, P. patens spore germination is antagonized by ABA [41, 42] . Although the effect on spores in P. patens appears weak compared to ABA's effect on seeds in angiosperms [42], effects could be more pronounced in xerophytic bryophytes whose spores lie dormant for years. In P. patens, loss of PP2CA activity in a PpABI1A/B double mutant results in a constitutive ABA response and desiccation tolerance [43] and, conversely, loss of either ABI3 or an activator of putative SnRK2 activity results in reduced ABA sensitivity and desiccation tolerance [44, 45] . Similarly, in M. polymorpha, MpABI1 encodes a nuclear localized PP2C that negatively regulates ABA signaling during stress responses [19] . Further, MpPYL1 encodes a functional ABA receptor as it complements an Arabidopsis pyr1pyl1pyl2pyl4 quadruple mutant [20] , and at least some of the ABA response in P. patens and M. polymorpha is mediated via evolutionarily conserved cis elements [24, 46, 47] . Furthermore, at least some downstream targets of the ABA signaling pathway, including ABI5 [20] , LEAs [10, 23, 29] , dehydrins [24], and PEPB [48] , are conserved across land plants.
In vascular plants, the canonical ABA signaling pathway is employed to establish growth arrest in several developmental contexts as well as in response to abiotic stress responses [49] [50] [51] [52] [53] [54] [55] .
In angiosperms, different dormancy contexts are regulated by similar hormonal signaling mechanisms. For example, seed dormancy is positively regulated by ABA (reviewed in [50] [51] [52] ) and auxin [56] . In seed dormancy, auxin acts via class C auxin response factors (ARFs) [56] , and class A ARFs are involved in dormancy in M. polymorpha [57] , implying the role of auxin on dormancy may differ between plants. Ethylene and gibberellin (GA) act to release seed dormancy and promote germination (reviewed in [50] [51] [52] ). Similar to seed dormancy, auxin acts as a distantly produced signal and local ABA promotes bud dormancy, but in bud dormancy, ethylene promotes dormancy and GA releases dormancy [55, 58] . The regulation of gemma dormancy has analogies with bud dormancy-auxin produced in the apex acts as a long-range signal that promotes apical dominance, and ABA acts as a local signal within the gemmae. If, as has been proposed for bud dormancy in poplar [59] , ethylene acts as an intermediary upstream of ABA in gemma dormancy, not only the action of ABA but also the interplay between the different hormonal signals imposing and maintaining dormancy may be broadly conserved across land plants. ABA signaling is thus an evolutionarily conserved mechanism for the regulation of environmentally controlled dispersal and growth of offspring. In contrast, the role of GA in dormancy release is uncertain, as not all components of the canonical seed plant GA pathway are conserved [20] .
A Model for Gemma Dormancy Regulation
Sixty years ago, Tar en postulated that there are at least two dormancy-promoting substances: one that emanates from the apical meristem and acts broadly throughout the thallus and another one localized to the cups or gemmae [60] . Once dormancy is broken, it cannot be re-established by placing germinated gemmae back in the cup, indicating that gemmalings are insensitive to the cup inhibitor [61] . However, placement of germinated gemmae in a cup does not cause release of dormancy in surrounding gemmae, suggesting gemmalings are unable to stimulate ectopic germination of dormant gemmae [60] . Gemmae in intact gemma cups are mostly dormant, even when the cups are largely separated from the parent thallus; however, when the cups begin to disintegrate, the gemmae germinate, suggesting a local inhibitory signal [60] .
Thallus-derived auxin and ABA response within the gemmae have been shown to promote gemma dormancy within gemma cups. Most auxin (indole-3-acetic acid) in M. polymorpha is produced in the apex of the thallus, via the IPyA pathway [57] . This auxin is transported basipetally [62, 63] and contributes to dormancy of gemmae in gemma cups at a distance from the apex [57, 60, 64] . Removing the apex-derived source of auxin by decapitation in Lunularia cruciata [64] or compromising auxin biosynthesis in M. polymorpha [57] results in a loss of dormancy. The sole activator ARF, MpARF1, mediates this dormancy signal, with loss-of-function alleles having non-dormant gemmae and gain-of-function alleles exhibiting increased dormancy; however, the site of action of MpARF1 is unknown [57, 65] . Conversely, exogenous auxin added to the cup stimulates gemma germination and the release of dormancy [60] -as in other biological processes, the role of auxin is not simple, with auxin promoting both dormancy and germination of gemmae [57, 60, 66] .
Here, we show that gain-of-function ABI1 and loss-of-function ABI3 lines display failure to establish dormancy or growth arrest or, alternatively, premature release of gemma dormancy. Our results indicate that ABA signaling functions autonomously in gemmae to initiate and/or maintain their dormancy when residing in the cup. ABA signaling via ABI1 and ABI3 thus act as a local signal to initiate or maintain dormancy, likely in response to the perception of a cup-derived signal. However, this leaves a gap between an apex-derived auxin signal presumably perceived at the cup base and the ABA response within the gemmae, implying the existence of a third signal. This latter signal would diffuse, as a volatile or via mucilage, from the base of the cup and subsequently be perceived by the gemmae in the cup. Although neither auxin nor ABA can be definitely ruled out, a more probable signal may be a naturally diffusible chemical messenger, such as ethylene.
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The authors declare no competing interests. 24. Ghosh, T.K., Kaneko, M., Akter, K., Murai, S., Komatsu, K., Ishizaki, K., Yamato, K.T., Kohchi, T., and Takezawa Gemma dormancy scoring Gemma dormancy of the Australian accession in Figure 1 was scored as lack of visible rhizoids in apparently mature gemmae (scored as dormant) and presence of visible rhizoids in mature gemmae (scored as non-dormant) [9] . In Figure 2 dormancy was scored as in [57] i.e., gemma cups with gemmae not displaying rhizoids were scored as dormant, and gemma cups displaying gemmae with rhizoids were scored as non-dormant. This analysis was performed on 5-week old plants (covering an entire 9 cm Petri dish), in triplicates.
Plant transformation M. polymorpha spores or gemmae were transformed as previously described using Agrobacterium tumefaciens strain GV3101 [70, 72] . Spores were germinated and grown in liquid Gamborg's B5 with 2% sucrose, 0.1% Casamino acids and 0.03% L-Glutamine for 10 days before co-cultivation with Agrobacterium for two days. Agrobacterium, harboring binary plasmids, was grown in liquid LB for two days before being pelleted, resuspended in the spore growth media with 100 mM acetosyringone and grown for an additional 4 h. 1 mL of Agrobacteria suspension was added to spores together with acetosyringone to a final concentration of 100 mM. Sporelings were plated on selection media (10 mg/ml Hygromycin B) as described in [71] with 200 mg/ml Timentin. After two weeks T 1 lines were transferred to new selection plates for an additional week before being transferred to standard growth media to allow for gemmae production. Gemmae (G 1 or G 2 generation) from several independent primary transformants (T 1 generation) were analyzed for presence of the transgene by qRT-PCR as described below.
Particle bombardment and transient assay
One-week-old protonemata of Physcomitrella patens wild-type or ABI3 null plants (Dabi3) [45] were bombarded with 0.8 mg each of the PpLEA1 pro :GUS reporter construct and the Ubi pro :LUC reference construct, together with ABI3 effector-plasmids as previously described [28] . Protonema was then incubated on medium with or without 10 mM ABA for 24 h at 25 C under continuous light (50-80 mmol m -2 s -1 ). GUS activity was normalized by the luciferase activity and represented as relative GUS activity (GUS/LUC).
RNA extraction and qRT-PCR
Total RNA was extracted from plant tissues using an RNeasy Plant Mini Kit and subsequently DNase treated using an RNase-free DNase Set. RNA quantity and purity was analyzed using a NanoDrop 2000 Spectrophotometer (ThermoFisher). cDNA synthesis was performed in 20 mL reactions using SuperScript III Reverse-Transcriptase and random primers at 50 C. qRT-PCR was performed essentially as previously described [73] using a DyNAmo Flash SYBR Green qPCR Kit and an Illumina Eco Real-Time PCR System, with primers listed in Table S1 . MpACT and MpAPT were used for normalization [74] .
Scanning electron microscopy (SEM) and sample preparation Plant material was fixated in FAA (10% formaldehyde, 5% acetic acid, 50% ethanol) for 24 h at 4 C and subsequently dehydrated in an ethanol series (50, 70, 90, 100, 100% EtOH). Critical point drying (CPD) was performed using a CPD 030 (Baltec). Samples were sputter coated with gold in a SCD 005 (Baltec). SEM was performed with a Hitachi S-570 Scanning Electron Microscope at 10kV.
QUANTIFICATION AND STATISTICAL ANALYSIS
c 2 test of independence was performed in R using the chisq.test function to calculate significance between treatments at the 50 h time point for dormancy scoring in Figure 1 . The delta Ct method was used to obtain relative differences in cDNA levels for qRT-PCR reactions. All qRT-PCR were done with three replicates of each treatment and/or mutant. Students t test (two tailed) was performed on all qRT-PCRs. Significance was set to p < 0.05.
